Loss of skeletal muscle mass occurs frequently in clinical settings in response to joint immobilization and bed rest, and is induced by a combination of unloading and inactivity. Disuseinduced atrophy will likely affect every person in his or her lifetime, and can be debilitating especially in the elderly. Currently there are no good therapies to treat disuse-induced muscle atrophy, in part, due to a lack of understanding of the cellular and molecular mechanisms responsible for the induction and maintenance of muscle atrophy. Our current understanding of disuse atrophy comes from the investigation of a variety of models (joint immobilization, hindlimb unloading, bed rest, spinal cord injury) in both animals and humans. Under conditions of unloading, it is widely accepted that there is a decrease in protein synthesis, however, the role of protein degradation, especially in humans, is debated. This review will examine the current understanding of the molecular and cellular mechanisms regulating muscle loss under disuse conditions, discussing the similarities and areas of dispute between the animal and human literature.
Introduction
Skeletal muscle atrophy occurs in response to a variety of stressors including decreases in external loading and neural activation, increases in inflammatory cytokines and glucocorticoids, and malnutrition. A combination of unloading and reduced neural activity, commonly referred to as "disuse", occurs frequently in clinical settings following limb immobilization, bed rest, spinal cord injury and partial/complete peripheral nerve damage, resulting in significant loss of muscle mass and force production. The extent of muscle atrophy under disuse conditions is variable and dependent on a variety of factors including age, the physiological function and fiber type composition of the muscle, and the degree of unloading and inactivity. A number of disuse models, having variable degrees of unloading and inactivity, such as ankle immobilization, hindlimb unloading, and spinal cord isolation have been studied in rodents and other mammals, providing valuable information on the extent of morphological and functional alterations, as well as insights into the molecular and cellular mechanisms responsible for disuse-induced muscle loss. While disuse muscle atrophy is a common clinical problem there are no good therapies to prevent the loss of muscle mass and tension. Moreover, there are no good pharmaceutical options to enhance the recovery of muscle mass following an atrophy-inducing event. Currently, only resistance exercise can be used to promote recovery of mass/strength following disuse atrophy, and many patients are unable or unwilling to exercise at a sufficient intensity to promote muscle growth.
Loss of muscle mass following disuse
The loss of skeletal muscle mass and fiber cross-sectional area is well documented in rodent models of ankle-joint immobilization, hindlimb unloading via tail suspension, and neural inactivity as the result of spinal cord injury (Booth and Gollnick, 1983; Ohira et al., 2002; Roy et al., 1991; Thomason and Booth, 1990) . In general, under conditions of disuse in rodents, where the nerve is intact, there is rapid loss of mass within the first one-two weeks of unloading followed by a slowing of the rate of muscle loss until muscle mass reaches a nadir and maintains a new lower steady state. Muscle mass will remain at this new steady state until an anabolic stimuli, such as an increase in external loading, stimulates muscle regrowth (see Fig. 1 ). The rate and amount of muscle mass lost is dependent on both the muscle type and the degree of unloading and inactivity. In rodent models of immobilization and hindlimb unloading, muscle loss is generally greater in the extensor muscles of the ankle (i.e., soleus and gastrocnemius) than the flexor muscles (i.e., tibialis anterior and extensor digitorum longus) (Ohira et al., 2002; Roy et al., 1991; Zhong et al., 2005; Adams et al., 2003) . Further, within a particular muscle, the loss of fiber cross-sectional area is first seen in the slow, type I fibers followed by the fast type IIa and then fast type IIx and IIb fibers (Ohira et al., 2002, Thomason and Booth, 1990) . For some muscles (e.g., medial gastrocnemius and tibialis anterior) the amount of muscle loss is often greater under conditions of joint immobilization than hindlimb unloading or bed rest (Bodine et al., 2001a; Clark, 2009) . Muscle atrophy under conditions of immobilization varies significantly depending on how completely the joint is restricted from movement (e.g., casting versus pinning) and the angle at which the joint is fixed; muscle atrophy being greatest when a muscle is immobilized in a shortened versus a neutral or lengthened position (Spector et al., 1982; Goldspink, 1977) .
In humans, differential atrophy across muscles and fiber types can be observed in response to disuse. Following prolonged (~180 days) spaceflight Fitts et al. (2010) found significant loss of fiber size and force in the soleus and gastrocnemius muscles with the hierarchy of effect being soleus type I > soleus type II >gastrocnemius type I >gastrocnemius type II. The same fiber type response was found after 35 days of bed rest in the vastus lateralis (VL) muscle where the percent loss of fiber cross-sectional was greater in the type I than the type II fibers (no difference being observed between the IIa and IIx) (Brocca et al., 2012) . While these studies show differential atrophy related to muscle fiber type (i.e., slow versus fast myosin heavy chain), not all human studies have observed this relationship (Hvid et al., 2010; Bamman et al., 1998; Trappe et al., 2007) . Those studies that have been unable to detect differential atrophy have generally been for short durations (≤14 days) of immobilization and restricted to one muscle (usually the VL). One weakness of the human studies is that the majority of data on fiber cross-sectional area and atrophy is based on a small biopsy sample taken from a single site in periphery of the muscle belly, with the majority of biopsies taken from the VL muscle (a knee extensor), with occasional examination of the soleus or medial gastrocnemius muscles (ankle extensors).
Human studies have also utilized magnetic resonance imaging (MRI) to examine volume and cross-sectional area changes in multiple muscles during disuse atrophy. A recent study used longitudinal MRI to examine atrophy in muscles of the lower limb for 43 days following ankle immobilization due to ankle fracture (Psatha et al., 2012) . In this study, the greatest rate and amount of atrophy occurred in the soleus and medial gastrocnemius muscle, followed by the lateral gastrocnemius and tibialis anterior, which is consistent with the recruitment patterns of these muscles during locomotion. Another recent study examined the loss of cross-sectional area along the entire muscle length in nineteen lower limb muscles following 27 and 60-days of head-down tilt bed rest, and showed differential atrophy across muscles and between muscles of similar physiological function (i.e., synergist) (Miokovic et al., 2012) . For example the posterior calf muscles had the fastest rates of atrophy relative to other limb muscles, with the soleus and medial gastrocnemius having a faster rate of atrophy than their synergist, the lateral gastrocnemius. Overall the posterior calf muscles had faster rates and greater amounts of atrophy than the knee extensors (vasti, rectus femoris) and ankle flexors (tibialis anterior, extensor digitorum longus). Another important finding was that many muscles (e.g., VL and MG) do not atrophy uniformly along the length of the muscle, which has significant implications for the interpretation of cross-sectional areas taken from a single biopsy site. Comparison of disuse atrophy in rodents and humans suggest that there are considerable similarities, and that the biggest difference appears to be in the rate at which atrophy occurs, with loss of mass in rodents being considerably faster than that observed in humans (Phillips et al., 2009; Rennie et al., 2010) .
Mechanisms of muscle atrophy following disuse: alterations in protein synthesis
The maintenance of muscle mass is dependent on the balance of two processes: the rate of protein synthesis and protein degradation. Under atrophy conditions there is a shift in the balance of these two processes such that there is a net loss of muscle proteins. There is strong evidence in humans (Ferrando et al., 1996; Glover et al., 2008; Paddon-Jones et al., 2006; Biolo et al., 2004 ) and rodent models of disuse (Kelleher et al., 2013; Booth and Seider, 1979; Lang et al., 2012; Goldspink, 1977) that the rate of basal protein synthesis declines immediately after unloading and stays at a suppressed level for the duration of the disuse. Short-term immobilization in humans (≤14 days), with no other complicating factors, produces a reduction in VL muscle mass of 5-10% (de Boer et al., 2007; Jones et al., 2004; Suetta et al., 2009 ); and it is argued that this amount of atrophy can be solely accounted for by decreases in basal protein synthesis with no changes in protein degradation (Phillips et al., 2009; Rennie et al., 2010) . It should be pointed out, however, that MuRF1 and/or MAFbx were shown to be upregulated within the first 14 days of immobilization (de Boer et al., 2007; Jones et al., 2004) and could have contributed to the loss of mass through an increase in the degradation of specific substrates. As will be discussed later in this review, measurement of protein degradation in humans has been difficult. Further, the exact cellular pathways affected by MuRF1 and MAFbx upregulation during atrophy are still unclear.
In contrast in rat models of immobilization or hindlimb unloading, there is much greater muscle loss, e.g., 20-40% in the medial gastrocnemius in 7-14 days, which cannot be accounted for solely by decreases in protein synthesis and thus require some increase, at least transiently, in protein degradation (Bodine et al., 2001b; Lang et al., 2012; Ohira et al., 2006) . The soleus, a predominately slow twitch muscle in the rat, can atrophy as much as 50% following 14-21 days of hindlimb unloading (Thomason and Booth, 1990) . Thomason and Booth (1990) predicted a model where loss of mass in the unloaded soleus is induced by an immediate and sustained decrease in the rate of protein synthesis, followed by a delayed increase in protein degradation that peaks at around 14 days and then returns to basal levels. Direct measurement of both the rate of protein synthesis and degradation has not been performed for multiple muscle types at multiple time points over an extended period of unloading, however, over a short duration of immobilization (~7 days) protein synthesis has been shown to be suppressed and degradation increased in the MG muscle (Lang et al., 2012; Magne et al., 2012) While decreases in the rate of protein synthesis have been measured following unloading, the cellular mechanisms responsible for the decline are poorly understood. Over the past decade, it has been demonstrated that adult skeletal muscle growth in response to increases in loading is critically regulated by the activation of the serine/threonine kinase, the mammalian Target Of Rapamycin (mTOR), resulting in increases in protein translation initiation and ribosome biogenesis (Bodine et al., 2001b; Goodman et al., 2011; Hornberger et al., 2004; von Walden et al., 2012) . Given the importance of mTORC1 activation (the complex comprised of mTOR, raptor, and GβL (also known as mLST8)) in muscle growth, it has been hypothesized that under conditions of unloading decreases in protein synthesis are the result of inhibition of mTORC1 (Fig. 2) . In rodent models of immobilization and hindlimb unloading decreases in the activation of Akt and mTORC1 (as measured by phosphorylation of S6K1 and 4E-BP1 and eIF4E•4E-BP1 binding) have been reported in the soleus and medial gastrocnemius muscles (Bodine et al., 2001b; Kelleher et al., 2013; Haddad et al., 2006; Hornberger et al., 2001 ). In contrast, in human immobilization studies, decreases in Akt/mTORC1 signaling have not been observed, even though decreases in protein synthesis have been measured (de Boer et al., 2007; Marimuthu et al., 2011; Glover et al., 2008; Greenhaff et al., 2008) . The explanation for the disparate results in rodents and humans is not clear, but could be related to a number of factors including maturation state of the subjects, time points examined, muscle under study, or the immobilization procedure. In the majority of rodent studies, disuse is induced in juvenile animals that are still growing and where mTORC1 activity is elevated relative to an adult, weight stable animal. In mature rodents, short-term treatment (≤7 days) with the mTORC1 inhibitor, rapamycin, does not induce skeletal muscle loss (Bodine, 2006; Bodine et al., 2001b) . Thus, the lack of a suppression of the mTORC1 pathway in human studies may reflect the fact that the subjects are mature and that basal mTORC1 activity is already low (Rennie et al., 2010) .
The data are quite strong that in response to unloading the rate of protein synthesis declines, however, the question remains as to what cellular pathways are responsible for the immediate and sustained depression of protein synthesis. One pathway that has received limited investigation is the phosphorylation of glycogen synthase kinase-3β (GSK3β), which leads to its inhibition and an increase in global protein synthesis through an increase in the activity of eukaryotic initiation factor 2B (eIF2B) (Kimball et al., 2002) . eIF2B is a guanine nucleotide exchange factor that mediates the exchange of GDP for GTP on eukaryotic initiation factor 2 (eIF2). The active eIF2-GTP binds to met-tRNAi, which then binds to the 40S ribosomal sub-unit. A decrease in the phosphorylation GSK3β, and thus an increase in its activity, has been measured following hindlimb unloading in rats (Stevenson et al., 2003; Childs et al., 2003) , and following 48 h of immobilization in humans (Urso et al., 2006) . Another potential pathway that may be modified following unloading is elongation factor 2. Elongation factor 2 (eEF2) is regulated through the mTOR pathway and by cellular energy stress status (Browne and Proud, 2002) , and mediates the translocation step of elongation. Phosphorylation of eEF2 at Thr 56 inhibits its activity by preventing binding to the ribosome. Following hindlimb suspension, eEF2 phosphorylation increased immediately (day 1) and remained elevated relative to control for at least 7 days (Stevenson et al., 2003, unpublished data) . Phosphorylation of eEF2 is catalyzed by eEF2 kinase, the activity of which is also inhibited by phosphorylation. Phosphorylation of eEF2 kinase is controlled by p70 s6k and p90 RSK1 , suggesting control by not only mTORC1 pathways, but also MAP kinase pathways. Finally, protein translation is dependent on ribosomes and a decrease in the number of ribosome available for translation could affect the rate of protein synthesis and the maintenance of muscle mass under unloading conditions. It has been demonstrated that ribosome biogenesis is critical for adaptive hypertrophy of skeletal muscle (von Walden et al., 2012) , but little is known of the effect of unloading or inactivity on ribosome biogenesis.
Mechanisms of muscle atrophy following disuse: alterations in protein degradation
There is considerable debate regarding the role of protein degradation in disuse atrophy (immobilization and bed rest) in humans, while the data in rodent disuse models (immobilization and hindlimb unloading) suggest a significant increase in proteolysis. One major difference between the human and rodent disuse models is the rate of atrophy, with atrophy occurring at a much greater rate in rodents than in humans (Phillips et al., 2009; Rennie et al., 2010) . Protein degradation may play a major role in disuse-induced atrophy (with no nerve damage), but it appears that it is increased for a relatively short period after the start of unloading, and may be greater under conditions with significant decreases in neural activity and other complications associated with fractures and illness such as elevated glucocorticoids or cytokines (Ochala et al., 2011) . The evidence supporting a role for protein degradation during disuse atrophy is limited in humans, in part, because of the difficulty in measuring in vivo rates of protein degradation. Few studies have actually measured in vivo protein degradation during disuse, however, an increase in muscle protein degradation in the VL following 72 h of unilateral lower limb suspension was demonstrated through the measurement of intramuscular 3-methylhistidine levels by means of microdialysis (Tesch et al., 2008) . The majority of studies have inferred an increase in protein degradation through the measurement of genes associated with specific protein degradation pathways.
The major proteolytic pathways in skeletal muscle include the lysosomal system (i.e., cathepsins), Ca 2+ -dependent proteases (i.e., calpains), caspases, and the ubiquitin proteasome pathway (UPP) (Glickman and Ciechanover, 2002; Ventadour and Attaix, 2006; Sandri, 2011) . While increases in the expression and activities of the calpains (Andrianjafiniony et al., 2010; Salazar et al., 2010; Talbert et al., 2013) and cathepsins (Taillandier et al., 1996; Ferreira et al., 2009 ) have been noted with unloading, the primary degradation pathway is thought to be the ubiquitin proteasome pathway (Solomon and Goldberg, 1996; Taillandier et al., 1996) . The ubiquitin proteasome pathway (UPP) is the major nonlysosomal pathway for intracellular protein degradation. Ubiquitination consists of a three-step sequential cascade that involves the E1-activating, E2-conjugating, and E3 ligating enzymes. The E1 enzyme activates ubiquitin via an ATP dependent thiol-ester linkage with the carboxy-terminal glycine. The activated ubiquitin is transferred to an E2 conjugating enzyme before covalent linkage of the amino-end of a lysine residue to a targeted protein substrate that is directed by an E3 ubiquitin protein ligase. There are two main families of E3 ubiquitin ligases: HECT-domain E3s and RING and RING-like E3s (Metzger et al., 2012) . The RING/RING-like E3s function as scaffolds bringing the substrate and an ubiquitin charged E2 enzyme into close proximity enabling the ubiquitin transfer, whereas the HECT E3s are thought to function to directly catalyze the covalent attachment of the ubiquitin to the substrate. The specificity of the ubiquitylation process is determined by the E3 ligases which have substrate specificity, while the length of the ubiquitin chain and the type of ubiquitin linkage added to the substrate is determined by the specific E2-E3 pairing (Napolitano et al., 2011) . It is estimated that the human genome contains ~600 E3 and 35-40 E2 proteins (Li et al., 2008 ). The precise pairing of specific E3s with E2s during inactivity and unloading conditions is presently unknown, and is an important topic for additional study.
The 26S proteasome is made up of two protein complexes: a core 20S proteasome complex that is either connected to one or flanked by two regulatory 19S complexes. The binding of the 19S complex to the 20S proteasome is considered to lead to the activation of the proteasome. The 20S proteasome is a cylindrical and barrel-shaped that contains four stacked rings, each containing seven subunits. The inner two rings are made up of the β-subunits, designated β1-β7, while the outer two rings consist of the α1-α7 subunits. While research on the roles of the various β-subunits continues, it is believed that the β1, β2, and β5 subunits are the most important in the proteasome, as they possess caspase-like, trypsin-like, and chymotrypsin-like catalytic activity, respectively (Orlowski and Wilk, 2000) . A few studies have actually measured an increase in the 20S and/or 26S proteasome following unloading (Lang et al., 2012; Magne et al., 2012; Slimani et al., 2012) . However, the most frequent observation is an increase in the amount of ubiquitinated protein conjugates and in the expression of selected genes associated with the UPP (Brocca et al., 2012; Slimani et al., 2012; Stevenson et al., 2003; Koncarevic et al., 2007; Ferreira et al., 2009 ).
The role of MuRF1 and MAFbx in disuse atrophy
In 2001, the mRNA expression of two E3 ubiquitin ligases was found to increase in response to atrophy associated with immobilization, hindlimb unloading and denervation (Bodine et al., 2001a) . These two genes are known as MuRF1 (for Muscle Ring Finger 1) and MAFbx/atrogin-1 (for Muscle Atrophy F-box), which are selectively expressed in striated muscle at relatively low levels under resting conditions, but, become quickly induced under conditions of unloading and inactivity. The expression pattern of these genes under disuse conditions shows a rapid increase upon unloading with peak expression occurring around seven days followed by a decline to baseline levels at around fourteen days (Bodine et al., 2001a) . The fact that the rapid rise in expression of these two E3 ubiquitin ligases coincides with the rapid loss of muscle mass in rodent models has lead to the hypothesis that MuRF1 and MAFbx expression regulates proteasome-mediated degradation of muscle proteins during atrophy. Both MuRF1 and MAFbx have ubiquitin ligase activity and putative substrates have been identified for each E3 ligase based on binding studies and in vitro ubiquitin ligase assays (Glass, 2010) . It has been suggested that MAFbx controls protein synthesis through its regulation of the translation initiation factor, eIF3f (LagirandCantaloube et al., 2008) , however, muscles from mice with a null deletion of MAFbx are not larger than normal and expression of eIF3f is not increased in MAFbx null mice (unpublished observations). MuRF1 has been reported to selectively bind and facilitate the ubiquitinylation of thick filament proteins such as myosin binding C, myosin light chain, and myosin heavy chain during muscle atrophy, thereby increasing their degradation by the 26S proteasome (Clarke et al., 2007; Cohen et al., 2009 ). More recently, it has been reported that MuRF1 can bind actin, a thin filament protein, and target it for ubiquitinylation and degradation in vitro (Polge et al., 2011) . Thus, the question still remains as to whether MuRF1 selectively targets thick filament proteins for degradation during muscle atrophy in vivo. In our recent studies, we have found no evidence of selective sparing of thick versus thin filament proteins in the MuRF1 null mice following denervation or dexamethasone induced atrophy (Baehr et al., 2011; Gomes et al., 2012) . Thus further in vivo validation of the putative substrates of MuRF1 is a necessity, and the list of in vivo substrates for MuRF1 and MAFbx is likely incomplete and could differ under different atrophy conditions depending on which E2 ligases are expressed. Currently, we have no knowledge of which E2s are associated with MuRF1 or MAFbx in vivo during atrophy.
The role of MuRF1 and MAFbx in disuse-induced atrophy in humans continues to be debated. Following knee immobilization, MuRF1 and MAFbx expression in the VL was not elevated after 48 h (Urso et al., 2006) , but was significantly elevated after 10 (de Boer et al., 2007) and 14 (Jones et al., 2004 ) days followed by a return to baseline after 21 days of unloading (de Boer et al., 2007) . These data show that the expression of MuRF1 and MAFbx can be increased following unloading in humans, but the increase in transcription may be delayed relative to rodents, which may reflect the muscle under study and/or the degree of unloading and inactivity. For example, the expression of both MuRF1 and MAFbx are significantly increased in humans two days after spinal cord injury (Urso et al., 2007) . Even though an increase in MuRF1 and MAFbx expression has been measured during disuse-induced atrophy, their relative importance has been questioned because of the lack of an associated increase in protein degradation. Atrophy-associated increases in MuRF1 and MAFbx expression without concomitant increases in proteasome activities have been reported in rodents following dexamethasone treatment and alcohol intoxication (Baehr et al., 2011; Vary et al., 2008) . Thus, while MuRF1 and MAFbx appear to be excellent markers of muscle atrophy, their substrates and role in regulating protein degradation and turnover requires further study.
Attenuation of disuse-induced atrophy
The examination of muscle atrophy in mice with null deletions of MuRF1 (Trim63) or MAFbx (Fbxo32) has provided evidence that these E3 ligases play an important role in the regulation of muscle atrophy under disparate conditions; deletion of MuRF1 spares muscle mass following hindlimb unloading (Labeit et al., 2010) and denervation (Bodine et al., 2001a; Gomes et al., 2012) , while deletion of MAFbx spares muscle mass following denervation (Bodine et al., 2001a) and immobilization (unpublished data). However, examination of muscle sparing following extended denervation (28 days) revealed that functional sparing occurred in the MuRF1 null mice, but not the MAFbx null mice (Gomes et al., 2012) . Measurement of both 20S and 26S proteasome activities in WT and MuRF1 null mice following 3 and 14 days of denervation revealed that proteasome activity increases in both WT and MuRF1 null mice, and in fact the increase in 20S and 26S proteasome activity is significantly greater in the MuRF1 null mice than the WT mice (Gomes et al., 2012) ; an observation that is in direct contradiction to the prediction that deletion of MuRF1 would result in a decrease in proteasome-mediated degradation. It is not entirely surprising that overall proteasome activity is not suppressed in the MuRF1 null mice given that E3 ligases are selective to a small number of proteins. The fact that deletion of MuRF1 produces muscle sparing that appears to be functional under a variety of catabolic conditions is impressive and suggests that the targets of MuRF1 may be important regulators of key signaling pathways. One could argue that absence of MuRF1 could be partially compensated by the other family members, MuRF2 and MuRF3, but we have not seen increased expression of either MuRF2 or MuRF3 in the MuRF1 null mice following inactivity (unpublished observation).
While deletion of MuRF1 did not inhibit proteasome activity, it did suppress the expression of certain components of the UPP such as Nedd4, HSP19, USP14, UCHL1 and others following denervation, but did not suppress proteasome activity or other degradation pathways such as calcium-dependent calpain I and II proteases or the lysosomal enzyme, cathepsin L. Interestingly, muscle sparing in the MuRF1 null mice following denervation occurred even though MAFbx expression was maintained at elevated levels for 14 days, showing that inhibition of both ligases is not required to achieve muscle sparing. These data suggest that MuRF1, and not MAFbx, is the better drug target for inhibiting the loss of muscle mass in response to unloading and inactivity, and suggest that some level of MAFbx expression is required for proper turnover of modified proteins.
MuRF1 and MAFbx expression is regulated by a number of transcription factors including the glucocorticoid receptor (GR), the forkhead transcription factors (FOXO1, FOXO3a) and NFκB transcription factors (p50 and Bcl-3) (Sacheck et al., 2007; Sandri et al., 2004; Wu et al., 2011; Waddell et al., 2008) . Glucocorticoids have been shown to increase the expression of MuRF1 and MAFbx, however, they are likely not responsible for the increase in MuRF1 and MAFbx expression during unloading and inactivity. We recently reported that mice with a muscle specific deletion of GR have reduced MuRF1 and MAFbx expression relative to wild-type mice and muscle sparing in response to treatment with a synthetic glucocorticoid, however, in response to denervation MuRF1 and MAFbx expression increases to levels comparable to wild-type mice and there is no muscle sparing (Watson et al., 2012) . Thus, while MuRF1 and MAFbx expression can be regulated by glucocorticoids, activation of the GR is not required to increase the transcription of these genes under conditions of unloading and inactivity.
Increased expression of the class O type of forkhead transcription factors (FOX01 and FOXO3a) is observed under a variety of atrophy-inducing conditions, including disuse (Senf et al., 2008; Lecker et al., 2004; Sacheck et al., 2007) ; and has been shown to regulate the transcription of a number of key atrophy associated genes, including MuRF1 and MAFbx (Waddell et al., 2008; Sandri et al., 2004; Stitt et al., 2004) . Increased activation and nuclear translocation of the FOXO transcription factors following unloading is thought to occur due to a decrease in Akt/PKB signaling (Sandri et al., 2004; Latres et al., 2005; Brunet et al., 1999) leading to a decrease in their phosphorylation level. However, the activity of the FOXO transcription factors can be regulated by other posttranslational modifications, such as acetylation, and recently it was demonstrated that increased expression of the p300 histone acetyltransferase could inhibit FOXO activity in response to limb immobilization in rats, and decrease the expression of FOXO-responsive genes, such as MuRF1 and MAFbx (Senf et al., 2011) . Interestingly, elevated HAT activity suppressed transcriptional upregulation of FOXO1, but not FOXO3a, in response to immobilization highlighting the fact that FOXO1 and FOXO3a should not be treated as the same molecule. It is clear that FOXO transcription factors (especially FOXO1 and FOXO3a) play an important role in the induction of muscle atrophy under disuse conditions, in part, through the increased expression of MuRF1 and MAFbx, but also through the activation of other gene pathways (Senf et al., 2010) . Moreover, direct (Senf et al., 2010) and indirect (Senf et al., 2008) inhibition of FOXO transcription activity has been shown to attenuate disuse-induced muscle loss. The exact mechanism by which the FOXO transcription factors are activated is unclear since the FOXO transcription factors are not always activated by a decrease in Akt/ PKB activity (Reynolds et al., 2012) , and Akt/PKB activity is not always decreased in response to unloading (Marimuthu et al., 2011) .
Additional transcription factors have been shown to be upregulated in response to unloading and include NFkB transcription factors (Bcl3 and p50 (Jackman et al., 2013) ), activating transcription factor 4 (ATF4 (Ebert et al., 2012) ) and growth arrest and DNA damageinducible 45a (Gadd45a (Ebert et al., 2012) ). Deletion of each of these transcription factors has been shown to result in some degree of muscle sparing following unloading. Mice lacking the Nfkb1 gene (that encodes the NFkB transcription factor, p50) or Bcl-3 have significant muscle sparing following hindlimb unloading, which could be related in part to the reduced up-regulation of both MuRF1 and MAFbx (Hunter and Kandarian, 2004) . Recently, mice lacking the ATF4 gene were protected from immobilization-induced atrophy after 3 days, but not 7 days of immobilization (Ebert et al., 2012) . In this same study, inhibition of Gadd45a was shown to protect type II, but not type I fibers, from immobilization and denervation-induced atrophy. Interestingly, neither ATF4 nor Gadd45a control the transcription of MuRF1 or MAFbx, thus the muscle sparing is through some other mechanism. In general, attenuation of muscle atrophy, or muscle sparing, accomplished as the result of inhibition of a single transcription factor is rarely complete and can be limited to particular phases of the atrophy process (e.g., ATF4 spares early muscle loss and MuRF1 spares late muscle loss). Near complete sparing of disuse-induced muscle atrophy has usually been observed when multiple transcription factors or pathways are affected. For example, over-expression of HSP70 was shown to spare muscle mass in response to seven days of immobilization (Senf et al., 2008) , and did so through the suppression of MuRF1 and MAFbx expression in addition to suppression of the transcriptional activities of FOXO3a and NF-κB. Muscle sparing during unloading has also been achieved through the activation of mTORC1 by using the β2 adrenergic agonist, clenbuterol (Kline et al., 2007) or constitutively active Akt/PKB (Bodine et al., 2001b) . Thus, while inhibition of the mTORC1 pathways may not be responsible for suppressing protein synthesis and inducing muscle atrophy following unloading, activation of mTORC1 and its downstream targets may be a good strategy to increase protein synthesis and attenuate disuse-induced atrophy. Interestingly, mTORC1 activation by nutrients appears to be inhibited in response to immobilization and bed rest (Kelleher et al., 2013; Glover et al., 2008) .
Recovery of muscle mass following disuse atrophy
The loss of skeletal muscle due to unloading and inactivity can be reversed upon the return of normal weight bearing (or reloading) of the limbs (see Fig. 1 ). The recovery of muscle mass following disuse atrophy is usually complete in young healthy adults, but is delayed and often incomplete in older individuals (Magne et al., 2012; Suetta et al., 2009) . In young rodents, recovery of muscle mass upon reloading is dependent on activation of protein synthesis pathways, and in particular activation of mTORC1 (Bodine et al., 2001b) . The importance of mTORC1 for recovery was also shown by (Lang et al., 2012) who examined recovery of mass following limb immobilization in mice heterozygous (+/−) for mTOR, having a 50% reduction in total mTOR protein in skeletal muscle. In response to ankle joint immobilization in plantar-flexion, the medial gastrocnemius atrophied rapidly and to a similar amount (~15% loss of mass) in WT and mTOR +/− mice. Upon cast removal and reloading, MG mass returned to pre-casting levels by 10 days, however, the MG in mTOR −/+ mice showed only limited growth (<5%) within this time period. The failure to recover mass in the mTOR −/+ mice was associated with a lower rate of protein synthesis relative to WT mice. The mTOR −/+ mice ultimately showed a complete recovery after 20 days of reloading. Examination of the Akt/mTORC1 signaling pathways showed that the amount of eIF4E bound to eIF4G was reduced in the mTOR −/+ mice relative to WT after ten days of reloading. In addition, there was a decrease in the amount of raptor-4E•BP1 binding and an increase in the amount of raptor-deptor binding in the mTOR −/+ mice.
In both rodents (Hwee and Bodine, 2009; Magne et al., 2012) and humans (Suetta et al., 2009; Hvid et al., 2010) , impaired recovery from disuse-induced atrophy has been observed as a consequence of aging. Impaired growth in response to increased loading has been associated with a decrease in activation of the Akt/mTORC1 pathway (Parkington et al., 2004; Thomson and Gordon, 2006) . Interestingly, a decrease in eIF4E•eIF4G association with increased loading has been observed in aging muscle, similar to what was reported in the mTOR −/+ mice (Hwee and Bodine, 2009 ). The mechanisms responsible for the inhibition of mTORC1 signaling in aging muscle in response to loading are unknown. In addition to suppression of anabolic pathways in aging muscle, there may be activation of proteolysis in some muscles upon reloading. There is some evidence of an increase in UPP mediated proteolysis immediately upon reloading in the soleus and medial gastrocnemius, however, it appears to be suppressed within one to seven days of reloading (Lang et al., 2012; Taillandier et al., 2003) . In addition, there is a transient upregulation of MuRF1 and MAFbx (Slimani et al., 2012) . In some muscles, such as the tibialis anterior, there appears to be an injury response upon reloading with a loss of muscle mass for up to 7 days following reloading (Slimani et al., 2012) (Fig. 1B) . This loss of muscle mass is correlated with a prolonged elevation in proteasome activity and apoptosome-associated caspase-9 activity. Interestingly, with aging there is incomplete recovery in the extensor muscles upon reloading from disuse atrophy, and what appears to be increased muscle injury and lack of recovery in the flexor muscles (TA and EDL (Hwee and Bodine, 2009) ). Additional research is needed to understand the response of different muscle types to reloading following disuse atrophy, and the effect of aging on the recovery of muscle mass.
Future directions
Understanding of the cellular and molecular mechanisms regulating muscle loss in response to unloading and inactivity has increased substantially over the past decade; however, it remains incomplete. While there is general agreement in animals and humans that unloading leads to a decrease in protein synthesis, there is considerable debate as to whether increases in protein degradation contribute to the loss of muscle mass. Additional research is needed to determine the exact cell signaling pathways involved in the suppression of protein synthesis in response to unloading and inactivity in the young, mature, and aging individual. While suppression of mTORC1 signaling may contribute to atrophy in young, growing individuals it may not be the primary driving force in adult individuals, and thus other mechanisms involved in the control of protein translation, such as elongation and ribosome biogenesis, should be examined. Strategies for inhibiting the loss of muscle mass under conditions of inactivity and unloading should consider targeting both the inhibition of protein degradation and/or stimulation of protein synthesis. In response to unloading, the transcription of MuRF1 and MAFbx and a number of transcription factors increases. While it is accepted that MuRF1 and MAFbx have ubiquitin ligase activity, their in vivo substrates and the pathways affected by the ubiquitination of their substrates remain unclear. In the same way, much remains to be learned about the pathways affected by the activation of the FOXO and NFκB transcription factors following unloading and inactivity. Further studies are required to understand how the activation of MuRF1, MAFbx, FOXO1 and other genes affect both protein degradation and protein synthesis. In addition, other cellular pathways, such as the endoplasmic reticulum and oxidative stress, could affect protein turnover during both acute and chronic conditions of disuse and should be examined. Effect of hindlimb unloading and reloading on muscle mass. Muscle wet weight of the soleus (Sol), medial gastrocnemius (MG), tibialis anterior (TA), and extensor digitorum longus (EDL) of female Sprague Dawley rats following hindlimb unloading for 21 days (A) and hindlimb unloading for 14 days followed by 14 days of reloading (B). Data points are mean ± SD (n = 10/time point). A separate cohort of controls was taken at the start (start of HLS) and end (shaded area) of the experiment to assess normal growth over the 28 day experiment. The control rats were allowed food and water ad libitum over the 28 day period. Regulation of mTORC1 activation. Schematic diagram illustrating potential signaling pathways that could contribute to the inhibition of mTORC1 (mTOR, raptor, GβL (also known as mLST8)), and contribute to muscle loss following unloading and muscle regrowth following reloading. The proteins depicted in RED are known inhibitors of mTORC1.
